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question relates to the contributing mechanisms. My perspective suggests that we may better understand infant crying by examining ontogenetic changes of sleep-wake regulation.
Crying is commonly considered to be a behavioral state of high arousal (Prechtl & Beintema 1964; Thoman 1990; Wolff 1987) . Mechanisms modulating and controlling behavioral states like sleep and wakefulness evolve over the first months of life (Prechtl 1984) . Appropriate models providing a conceptual framework to examine how such regulatory mechanisms may develop have rarely been provided. This gap is rather surprising, since models describing putative sleep-wake processes in adults have been used for many years (Akerstedt & Folkard 1995; Borbély 1982 , Borbély & Achermann 2000 Daan et al. 1984) .
The clock-like circadian process and the sleep-wake dependent homeostatic process play pivotal roles in the control of vigilance states in the adult (Borbély & Achermann 2000) . The circadian process determines diurnal levels of alertness and sleep tendency independent of prior waking and sleep (Dijk & Czeisler 1995; Folkard et al. 1985) . Alertness reaches its maximal levels in the early evening and its trough in the early morning, corresponding to the course of the core body temperature (Folkard et al. 1985) . The homeostatic process mediates the rise of sleep pressure during waking and its dissipation during sleep (Borbély 1982; Daan et al. 1984) . The longer the waking period lasts, the higher sleep pressure becomes. In the adult, the rise of homeostatic sleep drive during waking is opposed by the increasing circadian alertness in the course of the day, allowing adults to maintain constant levels of vigilance throughout the waking period (Achermann & Borbély 1994; Daan et al. 1984; Edgar et al. 1993) . Conversely, during sleep, the rising circadian sleep tendency counteracts the declining homeostatic sleep pressure, ensuring maintenance of sleep (Dijk & Czeisler 1994) . The alignment of the two processes is thus a prerequisite for the biphasic sleep-wake cycle across the adult 24-hour day.
The circadian rhythm of core body temperature appears at four weeks and increases in strength over the first few months of life reflecting the infant's developing circadian process (Glotzbach et al. 1994) . The increasing circadian drive may generate a rise in alertness across the day providing the basis for predicting the late afternoon and evening clustering of infant crying. The diurnal rhythm of crying becomes progressively more distinct, reflecting the increasing strength of the circadian drive.
The developmental course of the homeostatic process during early life remains minimally elucidated. Animal experiments have demonstrated that homeostatic sleep mechanisms are present already in the first postnatal weeks (Alföldi et al. 1990; Frank et al. 1998) . Studies in human infants have reported that sleep electroencephalographic markers reflecting sleep homeostasis appear as early as in the first 2 months of life ( Jenni et al. 2004; Salzarulo & Fagioli 1992) . I hypothesize that already in young infants sleep tendency increases in the course of the day despite intermittent decreases of sleep pressure as a result of daytime naps. Daytime waking episodes are longer than daytime sleep episodes and therefore may increase global homeostatic sleep pressure across the day.
I propose that the developing ability of the infant to increase sleep pressure during the day may counteract the circadian alertness in the early evening to maintain a balanced vigilance state. In other terms, hyperalertness and excessive crying may occur, when circadian alertness is not opposed by homeostatic sleep pressure.
The typical crying curve across the first months may reflect the developing interaction between the circadian and homeostatic process, while the evening clustering of crying may be driven mainly by the circadian drive. This hypothesis favors the notion of independent processes for the diurnal peak and the age-related 6-week peak of crying. Other cry characteristics, such as the high interindividual variability (Barr 1990c) , could also be explained with individual differences in the initial occurrence of homeostatic and circadian processes and their alignment. The day-to-day variation may be driven by the homeostatic process depending on waking and sleeping behavior across individual days. In the described perspective, excessive crying may be interpreted as a misalignment or lack of coordination between the two processes, in particular at the end of the day. In contrast to Soltis' view, I believe that such a perspective supports the idea that excessive crying is primarily an honest signal of need, namely, to elicit additional parental resources and attention to modulate the behavioral state.
Soltis argues that infant care practices affect early infant crying despite the global validity of the crying curve. In fact, comparative ethnographic analysis opens the possibility to study diverse caretaking and sleep practices and their influence on behavioral state regulation and crying. In many traditional cultures, infants are carried continuously, are able to sleep under any circumstances and cry less (Worthman & Melby 2002) . In these societies, polyphasic sleep-wake cycles are predominant and long periods of wakefulness for gathering and socialization processes occur at night. From an evolutionary perspective, the adaptive pressure to become entrained to the biphasic 24-hour sleep wake rhythm may be higher in Western cultures, where most activities are scheduled in the daytime hours. Thus, intrinsic biological processes may exert less influence on behavioral state regulation in the traditional societies, where infant regulatory demands are fulfilled by extrinsic mechanisms of the caretaking environment.
Ontogenetic and phylogenetic changes of sleep-wake processes play a key role in understanding crying behavior. Future studies in which sleep and wakefulness during early infancy are manipulated will shed more light on the development of circadian and sleep homeostatic processes, and eventually on excessive infant crying and its function. Soltis proposes a model for the signal effect of cry acoustics on parental response, based on human and animal evolutionary history. We enjoyed reading this comprehensive review summarizing vast literatures ranging from bioacoustics and ethnography to animal and infanticide data. We largely agree with the author's claims and doubts. In this commentary, we add to the discussion the role of functional neuroimaging in elucidating some of the remaining questions and in testing the proposed model. We will discuss the interest and possibilities of measuring brain activity in (1) the crying infant and (2) the parent hearing the cries.
Soltis addresses the issue of the communicative content of crying in terms of honest signaling of need or vigor, or manipulative signaling. We regret the use of the term manipulation in that it might have a negative connotation. It implicitly assumes that the cries are dishonest and that the infant somehow "voluntarily" undertakes a shrewd or devious action for its own advantage. It is still a matter of debate at what age human infants show signs of engaging in activities for which conscious awareness is thought to be Commentary/Soltis: Signal functions of early infant crying BEHAVIORAL AND BRAIN SCIENCES (2004) 27:4 necessary (e.g., communication). However, babies in the three first months of life (the target age in Soltis' paper) are generally not considered to have the minimal form of higher-order thought regarded necessary for access and phenomenal consciousness (e.g., Perner & Dienes 2003) . Manipulative crying would then be a conditioned, merely "unconscious" reflex. The hypothesized manipulative signaling of early excessive crying (by which infants would attempt to gain a disproportionate share of parental resources) should not be regarded as dishonest abuse of the infant's limited communicative arsenal. In our view, functional neuroimaging (i.e., positron emission tomography -PET, functional magnetic resonance imaging -fMRI, electroencephalography -EEG, and magnetoencephalography -MEG) might help to clarify the "meaning" of infant cries and to solve the question whether, and to what extent, the cries are reflex or voluntary (for review see Prochazka et al. 2000) .
Can these techniques be used in early infants? Obviously, for reasons of radioprotection, PET has limited value in healthy infants. fMRI currently offers the best spatial and temporal resolution but remains challenging in non-collaborating subjects. So far, most fMRI studies in young children necessitated sedation, making the study of conscious cognition or action inappropriate. A recent fMRI study, however, reported changes in blood oxygen level dependent (BOLD) signals in the superior temporal cortex during auditory stimulation in non-sedated neonates (Anderson et al. 2001) . Similarly, MEG has also recently proved capable of measuring neonatal brain activity (i.e., spectral power in 2-7 Hz range; Anastasiadis et al. 2001) . The real interest would be to measure brain activity in crying infants. Factorial designs would compare "manipulative," "colic," and "honest" (pain or hunger) cries. Parametric designs would correlate neural activity with graded acoustic characteristics of the cries (e.g., fundamental frequencies). For the time being, this is still a dream. However, technological advances (solving movement susceptibility) might make it a reality. Similarly, despite several technical problems, in utero measurement of auditory fetal brain activation has been recently performed by both fMRI (Moore et al. 2001) and MEG (Zappasodi et al. 2001) . In the meantime, EEG seems more affordable and has the major advantage to be able to measure variations in infant brain function in naturalistic situations. Using EEG, it has been shown that right frontal activation asymmetry in 1-month-old infants is related to more frequent sad and pre-cry faces ( Jones et al. 1997b) . A preliminary longitudinal study showed that 3-monthold infants with this right frontal EEG asymmetry still showed this pattern at 3 years old and were found less empathetic during simulated maternal distress ( Jones et al. 1997a) . Infants who cried in response to maternal separation had greater right frontal asymmetry during the preceding baseline period compared with infants who did not cry (Davidson & Fox 1989) . Right frontal EEG asymmetry is thought to reflect negative affect. In newborns, it correlates with elevated cortisol levels and "depressive symptoms" of the Brazelton Neonatal Behavior Assessment Scale (Brazelton 1973 ) and a greater number of state changes during sleep/wake behavior observations . Recent EEG data obtained in neonates show that disagreeable (e.g., a noxious heelstroke; Fernandez et al. 2003) or agreeable stimulation (e.g., smelling lavender or rosemary; Sanders et al. 2002) respectively induces a right or left frontal activation (i.e., spectral power asymmetry in the 3 -6 Hz range). Interestingly, this right frontal asymmetry (indicator of negative affect) was not observed in infants who had received a sucrose solution (not water) prior to the noxious heelstroke (Fernandez et al. 2003) . These studies show that EEG spectral power analyses are a promising tool for the study of the signal function of crying. In our opinion, ongoing methodological improvements for EEG (e.g., Freeman et al. 2003) and event related potentials (ERPs; e.g., Quian Quiroga & Garcia 2003) data analysis and interpretation will further increase its usefulness in deciphering the hypothesized "protolanguage" of crying.
Second, functional neuroimaging offers the possibility to test Soltis' proposed model which predicts that "acoustically normal" pain or hunger cries would engage a neural network known to be involved in "positive emotions" (eliciting positive parental caregiving), whereas "acoustically abnormal" cries would activate "negative emotion" -related brain areas (resulting in reduction or withdrawal of care or even abuse). This could be done by examining the effect of infant cries on brain activity in parents, using parametric or factorial designs (e.g., correlation with behavioral/ physiologic indices or personality and temperament measures). Preliminary studies have already shown the feasibility of this approach. Using ERPs, it was shown that hearing an infant's cry resulted in faster habituation and longer response latencies of the auditory cortical potentials, as compared to hearing a neutral word (Purhonen et al. 2001b) . Interestingly, when mothers heard their own newborns' cries, responses were larger in amplitude than those observed in non-mothers. The authors interpreted their data as reflecting a general increase in arousal, enabling the mother to be continuously alert to the infant's signals and signs of distress (Purhonen et al. 2001a) . As briefly mentioned in the target article, fMRI has shown that in breastfeeding first-time mothers, hearing infant cries (compared with hearing noise) activates a large neural network thought to be involved in maternal behavior (Lorberbaum et al. 1999; . Unfortunately, the authors did not compare these results to a non-mother control group. We have recently studied "canonical" brain activation related to passive listening to newborn cries (Elincx et al. 2002) . Figure 1 illustrates that despite the observed variability of induced feelings, each and every non-parenting control subject activated amygdala and posterior cingulate cortex, areas known to play a key role in emotion (LeDoux 2000; Maddock 1999) . Others have also observed robust amygdala activation elicited by listening to crying (but also to laughing), even when the crying was un-BEHAVIORAL AND BRAIN SCIENCES (2004) 15 -PET and shown on a spatially normalized MRI. Each of the 15 subjects (8 of them males, age ranging from 18 to 63 years, none parenting a baby) activated the amygdala (white arrow) and posterior cingulate cortex (black arrow).
attended (Sander et al. 2003 , Sander & Scheich 2001 . Future testing of Soltis' proposed model by means of functional imaging will benefit from our increasing understanding of the neural correlate of positive versus negative emotions (for recent review see Wager et al. 2003) .
Although the cry is a typically human signal with its characteristic physiological signs, vocal signals with a similar meaning are also used by other species. The undifferentiated character of excessive early infant crying, which probably lacks a counterpart in other species, is more difficult to understand than other types of cry signal. The cry as a signal functions primarily as a nonverbal form of communication and is bound to have effects on the receiver that remain outside cognitive consciousness, despite its affective recognition.
Knowledge of the character of the early cry signal is therefore important, and studies summarising research findings in this field are welcome. For mothers who wrestle with how to manage an excessively crying baby, it is surely a relief to learn that such crying, often labelled as colic, is, in fact, an infant signal that resides within the normal communication range. Soltis' summary of the studies analysing the acoustic structure of cry signals demonstrates that the colic cry does not differ significantly from other healthy infant cries. The common type of colic cry, without organic alterations, follows a diurnal rhythm and occurs mainly in the afternoon and early evening hours. In contrast to the view of many anxious mothers, colic crying thus shows regularity, seen also in the peaking of crying at the age of 6 weeks and gradual waning after 12 weeks.
These data put excessive early infant crying within the developmental frame of the first three months of infant life. Crying as a signal is predominantly used by the infant in adapting to the postnatal conditions of life, which demand initiative and vigour of the infant in attaining vital care. This contrasts with intra-uterine conditions, where care was provided by automatic biological means and required no special effort by the infant. Crying can therefore be considered as a signal that evinces a bridging process in the slow transition from intra-uterine life to extra-uterine reality.
Data from several sources, many of them presented in the target article, suggest that the age of approximately three months represents a turning point after which, normal developmental conditions provided, the relationship between the infant and the caretaking environment begins to take on a more regulated, interactive, and communicative pattern, indicating that a new level of psychophysiological organisation has been reached (Spitz 1959; Stern 1985) . As Soltis mentions, the emergence of self-regulated interaction of the infant with the environment is paralleled by several physiological measures that show functional changes approximately at this time-point. The cry becomes more of a signal that can be used for increasingly specific purposes.
Soltis discusses the nature of the early infant cry from several important viewpoints. The conclusion that the cry functions as a graded signal that slowly acquires an interactive meaning from an early undifferentiated cry in the beginning of life, is convincing. Although probably alien to common sense, the interpretation of early excessive crying as a signal of vigour is logical, though not yet proven.
The consequence of excessive early infant crying -that is, does it elicit caring or abandoning responses by the caretaker? -is obviously an important issue. The outcome is determined by several factors, as Soltis demonstrates. It depends on the intensity and quality of the cry signal, on the characteristics of the receiver and on her psycho-physiological and psychosocial conditions. It is also determined by wider societal and cultural factors. As long as the cry signal remains unsettled, the infant is inconsolable, and the cry cannot be managed in a predictable way, the caretaker remains in a conflicted position. It is more difficult to identify with the crying infant when the signal is undifferentiated than with a cry that can be understood. How much poorly organised crying the caretaker can tolerate then becomes crucial. The message that even excessive crying can express infant vigour is therefore important. It helps mothers to identify positively with their infants already in the undifferentiated neonatal stage. This conclusion needs to be spread to the potential consumers of this information.
The cry of a neonate is often associated with hunger. Besides supplying nutrition, feeding of the newborn seems to have an effect on its brain activity, as the mean amplitude of the electroencephalogram of the newborn is higher in the posterior cortical areas during feeding than immediately after . Adequately meeting the vital needs of the infant thus has plausible neurobiological effects and may leave traces on the brain (Polen & Hofer 1999) .
This effect on the electroencephalogram seems to wane, however, before the age of three months (Lehtonen et al. 2002) . At three to four months, the brain of the infant begins to produce rhythmic theta activity regulated by a subcortical pacemaker that allows the synchronous activity of large cortical neuronal populations and facilitates the modulation of cortical activity (Niedermayer 1993) . From this age, infant feeding begins to reinforce the theta rhythm (Lehtonen et al. 2002) . Similar responses have also been observed in other infant-caretaker interactions, including those that provoke crying (Futagi et al. 1998) . As sucking and oral sucrose increase the pain threshold of the infant (Blass & Watt 1999; Carbajal et al. 2003) , repetitive feeding may contribute to the decline in undifferentiated crying by strengthening the infant's pain threshold. Mastery of distress in developing infants is thus dependent on the neurobiological effects of caretaking, which we still, however, poorly understand.
Furthermore, there is evidence that during the post-delivery period, mothers are neurophysiologically sensitised towards infant signals (Purhonen et al. 2001a) , and that female subjects' neurophysiological processing of infant crying is different compared with neutral auditory signals (Purhonen et al. 2001b) . Postnatal adaptation thus also seems to pertain to the mother's neurobiological functions, with possible implications for how the cry signal is tolerated.
tionship. If these commentaries are a sign of the improvements in our understanding that my contribution triggers, then I believe I have been successful. It is my hope that the continued search for a better understanding of the early infant cry will not only increase knowledge for its own sake, but also contribute to the welfare of families.
